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SUMMARY
This report provides a summary of the irradiation vehicle design and thermal analysis of SiC joint specimens planned for irradiation in the flux trap of the High Flux Isotope Reactor (HFIR). Two different capsule designs will be used to accommodate the two different specimen geometries: a small torsion joint specimen geometry to measure mechanical and thermal properties, and joint end plug representative cladding geometry to demonstrate strength and integrity. The capsule designs, with target temperatures of 350°C ± 50°C and 750°C ± 50°C, will accommodate either sixteen torsion joint specimens or one joint end plug specimen. Three joint variations will be studied in each capsule design: a hybrid SiC (preceramic polymer with chemical vapor deposition (CVD) SiC), a transient eutectic phase (TEP) process, and an oxide process.
INTRODUCTION
Silicon Carbide (SiC) fiber reinforced, SiC matrix composites (SiC-SiC) are of interest for fuel cladding and structural components in current and advanced nuclear reactor designs [1], as they offer strength retention at high temperatures, high temperature steam oxidation resistance, and stability under irradiation.
To enable the use of these materials in current and advanced reactor designs, comparable performance of their joining methods with respect to the parent material under high temperatures and irradiation conditions must be demonstrated. Oak Ridge National Laboratory (ORNL) has worked on several joining technologies and the SiC-based joints have shown reliable mechanical performance after irradiation [2] .
However, thermo-mechanical simulations have predicted that application-specific geometries (i.e., end plugs that seal the ends of cladding tubes) can show higher stresses than those in simplified joint test specimen designs. In addition, in an environment with high neutron radiation damage and high temperature, the thermal conductivity of SiC rapidly degrades, resulting in large temperature gradients. These temperature gradients can drive significant stresses in SiC components during irradiation due to the highly temperature-dependent irradiation-induced swelling [3] . In addition, many joint formulations may also contain sintering aides or other phases which are compositionally different from either the cladding tube or end plug; this can cause additional stresses as the non-SiC phases can undergo dissimilar irradiation swelling. Ultimately, the irradiation swelling-induced stresses in SiC-based cladding-end plug joints can contribute to failure of the joint.
The purpose of this project is to perform experimental irradiation testing of representative joint specimens to understand the effects of irradiation with realistic temperature gradients. The experimental results will provide joint-specific properties that will help validate thermomechanical models of the joint performance. Three joint variations will be investigated in this work: transient eutectic phase (TEP) SiC-based joints, oxide joints, and high purity SiC-based hybrid (preceramic polymer with chemical vapor deposition (CVD) SiC) joints. Representative sealed tube specimens will be fabricated using SiC-SiC composite tubes with prototypical cladding architectures. One end of each tube will be sealed with a CVD SiC end plug while the other end will remain open. These one-end sealed tubes are referred as the joint end plug specimens. The total length of the specimens will be around 48 mm, which allows for end plug push-out testing during post-irradiation examination. Torsion specimens will be fabricated as well, using two square plates of monolithic CVD SiC, joined together using the different joint processes. The geometry of these specimens is comparable to other torsion specimens previously irradiated in the High Flux Isotope Reactor (HFIR). The joint end plug and torsion specimens will be inserted into the HFIR using irradiation capsules, or rabbits, designed around accumulated dose and temperatures so that the irradiation performance of the joining processes can be evaluated post-irradiation. The influence of irradiation will be investigated through a comparative study of as-fabricated and irradiated specimens. This report summarizes the HFIR irradiation experiments that are being performed to assess joint-specific performance under irradiation, including the irradiation capsule design concepts and thermal analyses.
EXPERIMENTAL METHODS
HFIR IRRADIATION EXPERIMENTS
The irradiation experiments described in this document will be performed in the flux trap of ORNL's HFIR. The HFIR is a beryllium-reflected, pressurized, light water-cooled and moderated flux trap-type reactor [4] . The core consists of aluminum-clad involute-fuel plates which currently use highly enriched 235 U fuel at a power level of 85 MW. A typical HFIR cycle is 25 days. The reactor core consists of two concentric annular regions, each approximately 61 cm in height. The flux trap region is located inside the fuel region. The HFIR fuel and all experiment vessels are cooled by the reactor's primary coolant, which is approximately 50-60°C.
The goal of this work is to design experiments to contain the SiC-based joint specimens inside HFIRapproved irradiation vehicles so that they can accumulate the desired dose while being irradiated at the design temperature. Neutron and gamma radiation from the HFIR fuel cause heating of the experiment materials. This heating is accurately determined using neutronics models of the HFIR core. These data are used as inputs to thermal analyses to predict component temperatures during irradiation [5] [6] [7] [8] [9] [10] . Experiments in the flux trap are almost always un-instrumented; passive SiC temperature monitors (TMs) can be used to determine the irradiation temperature post-irradiation [11] . However, detailed neutronic and thermal analyses are required to ensure that capsule design temperatures are achieved. Experiment designs typically use a small insulating gas gap between the internal components (in this case the torsion joint holder or the joint end plug specimen) and the housing. The size of the gap and the choice of the fill gas (typically helium (He), neon (Ne), argon (Ar), or a mixture) inside the experiment are established so that the heat generated in the experimental components passes through the gas gap and results in the desired temperature drop across the gap. The temperature drop is a function of the heat flux through the gap, the thermal conductivity of the fill gas, and the size of the gas gap.
EXPERIMENT DESIGN CONCEPTS
Joint end plug specimens
The overall design of the irradiation experiments developed in this work is shown in the section view of Figure 2 . The outer containment for the irradiation experiment is the rabbit capsule housing, which is directly cooled on the outer surface by the HFIR's primary coolant. One joint end plug specimen is placed in each capsule, with a cylindrical passive SiC TM inside of the tube specimen. The nominal dimensions of the tube specimen are 8.5 mm outer diameter × 6.3 mm inner diameter with a length of 48 mm and an end plug thickness of 4.5 mm. Temperature is controlled by varying the concentration of a He/Ar gas mixture and the size of the gas gap between the tube specimen and the housing. Varying the gas mixture changes the effective thermal conductivity of the gas gap. Centering thimbles are inserted in the ends of the joint end plug specimen to keep it centered inside the housing and to maintain a constant gas gap between the specimen and the housing. A compression spring inserted at the top of the capsule keeps the specimen pressed on the bottom of the capsule and ensures that the thimbles cannot dislodge from the specimen. Figure 3 shows the concept for the torsion rabbit design. Two rows of eight torsion joint specimens stacked in the vertical direction are set inside a vanadium or niobium alloy holder. A grafoil center spacer presses the two rows of specimens against the inner walls of the holder. Two SiC passive TMs are pressed against the specimens inside of small slots in the holder using SiC retainer springs. Grafoil insulator disks are placed at the top and bottom of the specimen stack and the housing assembly to reduce axial heat losses. Centering thimbles are placed on either end of the holder to keep the holder centered within the capsule housing. Table 1 summarizes the different specimens that will be included in the irradiation test matrix. Three joint variations will be studied: a hybrid SiC (preceramic polymer with CVD SiC), a TEP process, and an oxide process. All three variations will be irradiated in both torsion joint and joint end plug geometries. All irradiations will be performed with a dose of approximately 2 dpa (approximately one cycle in HFIR) and a nominal design temperature of 350 ± 50°C or 750 ± 50°C. Each joint variation and each specimen geometry will be irradiated at both temperatures. A total of 14 capsules will be irradiated: 12 capsules containing one joint end plug specimen per capsule, and two capsules containing sixteen torsion specimens per capsule. 
Torsion joint specimens
TEST MATRIX
COMPUTATIONAL METHODS
The remainder of this document describes the three-dimensional (3D) thermal analyses that were performed using the ANSYS finite element software package to predict temperature distributions inside the joint end plug capsules. These analyses use material-dependent heat generation rates (heat per unit mass) determined in previous neutronics analyses. The contact conductance of components in contact or separated by small gas gaps are calculated with user-defined macros [13] . In this way, gas gaps are not directly meshed, which significantly reduces computational time. Computer aided design (CAD) models are imported into ANSYS and meshed using 20-node hexagonal and tetrahedral elements with a nominal mesh size of 0.4 mm. Thermal contacts are defined to allow heat to be transferred between multiple bodies. Gas gap heat transfer was assumed to include conduction and radiation only, as there is very little space available for natural convection to occur. Gaps for this design are on the order of 100 µm, and the total internal length of the capsule is less than 60 mm. The solver accounts for thermal expansion, though does not explicitly modify the model geometry, using temperature-dependent thermal expansion data, and the temperatures of the contact, and target surface nodes.
The ORNL Nuclear Experiments and Irradiation Testing (NEIT) group maintains a database of design and analysis calculations (DACs) that include temperature-dependent thermophysical material properties used in thermal analyses. Some properties for SiC also include radiation dose-dependence. Properties are primarily obtained from CINDAS [14] , MatWeb [15] , and various literature sources. The monolithic SiC components were assumed to be of theoretical density, with properties obtained from reference [16] . The SiC/SiC composite generally used the same thermal properties except that the density was assumed to be 2.9 g/cm 3 and the thermal conductivity ranged from 3.5 W/m-K at 350°C to 5.8 W/m-K at 750°C based on the available literature data [17] . Properties of gas mixtures are calculated using the methods described by Wahid et al. [18] . Material properties for this calculation are included in the DACs, as shown in Table 2 and are available upon request. Convection boundary conditions were applied to the outer surface of the housing. Details of the calculation of the convective heat transfer coefficients and bulk coolant temperatures are summarized in DAC-11-01-RAB03 [25] . These parameters were calculated using turbulent flow correlations and the axial power profile (resulting from neutron and gamma heat generation in the coolant) specific to the target rod rabbit holders in the HFIR flux trap. Temperatures calculated in the thermal analyses are not extremely sensitive to the convection heat transfer coefficient, as the housing surface temperatures are typically only ~10°C warmer than the bulk coolant temperature.
The heat generation rates vary as a function of axial position from the midplane of the reactor core. Peak heat generation rates (at the core midplane), parameters for determining the axial profile, and convection parameters are summarized in Table 3 . All heat generation rates were determined in the HFIR safety basis calculation C-HFIR-2012-035 [26] , except for the titanium heat generation rate, which was determined in calculation C-HFIR-2013-003 [27] . These heat generation rates include contributions from prompt neutrons, fission photons and secondary photons produced by the fission neutrons, fission product decay photons, and decay (primarily due to beta emission) of activation sources. Nuclear heating in the HFIR is dominated by photon absorption in the materials used in this experiment. The local heat generation rate is estimated using the following profile:
where: q = local heat generation rate as a function of the material and axial location, q peak = heat generation rate at the HFIR midplane as a function of material, z = axial location in the HFIR, where the midplane is at z = 0, and  = correlating parameter
THERMAL ANALYSIS RESULTS
TEMPERATURE CONTOURS
Joint end plug specimens
Figure 4 and Figure 5 show temperature contours predicted by the thermal analyses for the joint end plug 350°C and 750°C designs, respectively. The reductions in temperature at the bottom of the specimen are due to axial heat losses through the tabs of the centering thimbles. The specimen temperatures remain close to the desired range of 350 ± 50°C or 750 ± 50°C. It should be noted that for the 350°C case, specimen temperatures cannot be reduced any further without modifying the specimen or capsule geometry. This is because the capsules are located as far away from the core midplane as possible (to reduce heat generation rates), and the fill gas (helium) is the most conductive inert gas that is allowable in HFIR capsules. For both capsules, there are somewhat significant temperature gradients (as high as 120°C) within the specimen. However, for a large portion of the specimen (above the lower section where axial heat conduction is significant), the temperature gradients are much lower (closer to 60°C or less). Within the joint region, the temperatures are within, or at least very close to, the desired temperature ranges.
More details are provided in the complete ANSYS reports provided in APPENDIX A. A fill gas with 100% He and a 46% He, Ar balance was chosen for the 350°C design and the 750°C design, respectively. The specimen's 8.50 mm outer diameter, combined with a nominal housing inner diameter of 9.52 mm, results in a nominal cold (room temperature) specimen-to-housing gas gap of 510 µm. Depending on the asinspected value of the specimen, a suitable housing will be selected so that the as-built specimen-to-housing gas gap matches the desired 510 µm gap as close as possible. 
Torsion joint specimens
The torsion joint specimen designs were based on, and nearly identical to, previous irradiation experiments [12] . Finite element modeling of the previous designs predicted 300°C and 800°C average specimen temperatures, respectively. These predicted temperatures are within the desired temperature ranges of 350°C ± 50°C and 750°C ± 50°C. The thermal performance will be validated by the SiC TMs, post-irradiation. Figure 6 shows temperature contour plots for torsion joint specimens from the previously designed capsules. Both the 300°C and the 800°C capsules will be irradiated in target rod rabbit holders within the flux trap in axial position 7 (the top position within the target holder). The 300°C design utilizes a vanadium alloy holder with a holder-to-housing radial gas gap of 131 µm and a helium fill gas. The 800°C design utilizes a niobium alloy holder with a holder-to-housing radial gas gap of 83 µm and an argon fill gas. Table 4 summarizes average, minimum, and maximum temperatures for all important components, in addition to other design parameters such as the irradiation position, fill gas, and gas gap. 
TEMPERATURE SUMMARY
SUMMARY AND CONCLUSIONS
This report summarizes the capsule designs and thermal analyses that were performed for irradiation testing of SiC-based joint specimens in the HFIR. Two specimen geometries are being considered to study the performance of three joint variations (hybrid, TEP, and oxide): a small torsion joint specimen geometry to measure mechanical and thermal properties, and a joint end plug specimen geometry to demonstrate strength and integrity in a representative cladding geometry. Ultimately, the data gathered from these experiments will assist in the development of accurate models and codes for fuel cladding performance, which are needed to evaluate the use of SiC-based materials for cladding and structural components in nuclear reactor designs. A new rabbit capsule design allows for one joint end plug specimen to be loaded and centered inside the rabbit housing using titanium centering thimbles. Temperature is controlled by varying the backfill gas (He or He/Ar mixture). The rabbit capsule designs for torsion specimens use existing designs, which allow the loading of 16 specimens per capsule. Thermal analyses show that design temperatures of 350 ± 50°C and 750 ± 50°C can be achieved for joint end plug specimens as well as for torsion specimens.
******************************************************************************* OUTPUT SUMMARY FILE ******************************************************************************* ------------------------------------------------------------------------------ 2.800 dpa * Capsule pressure: 215.45 kPa * Cladding: OD = 8.5000 mm, ID = 6.3000 mm, density = 0.0000 g/cc * Housing: ID = 9.5200 mm * Backfill gas: 100.00% He, 0.00% Ar * Irradiation facility: TRRH * Axial position: 7 * Capsule centerline position = 19.16 cm ( 7.54 in) * Axial peaking factor above the core midplane: 30.070 cm * Axial peaking factor below the core midplane: 30.070 cm
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* Thermal only solution with calculated gaps * Symmetry angle: 90.00 degrees * Radiative heat transfer excluded * 3D problem geometry * Target temperature: 750.0 deg C * Target dose (in SiC):
2.800 dpa * Capsule pressure: 353.77 kPa * Cladding: OD = 8.5000 mm, ID = 6.3000 mm, density = 0.0000 g/cc * Housing: ID = 9.5200 mm * Backfill gas:
46.00% He, 54.00% Ar * Irradiation facility: TRRH * Axial position: 7 * Capsule centerline position = 19.16 cm ( 7.54 in) * Axial peaking factor above the core midplane: 30.070 cm * Axial peaking factor below the core midplane: 30.070 cm
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